A b s t r a c t -Second harmonic optical coherence tomography, which uses coherence gating of second-order nonlinear optical response of biological tissues for imaging, is described and demonstrated.
I. INTRODUCTION
Optical coherence tomography (OCT) is a noninvasive, noncontact imaging modality for cross-sectional imaging of biological tissue with micrometer scale resolution [1] . OCT uses coherence gating of backscattered light for tomographic imaging of tissue structures. Variations in the light scattering properties of tissue, due to inhomogeneities in the optical refractive index, provide imaging contrast. In many instances and especially in the early stages of disease, the change in tissue scattering properties between normal and diseased tissue is small and difficult to measure. To enhance the image contrast of OCT, a number of extensions have been developed: Optical Doppler Tomography combines the Doppler principle with OCT to obtain tissue structural image and blood flow simultaneously [2, 3] ; Spectroscopic OCT combines spectroscopic analysis with OCT to obtain the depth-resolved tissue absorption spectra [4] ; Polarization Sensitive OCT combines polarization sensitive detection with OCT to determine tissue birefringence [5, 6] . In this paper, we describe an optical tomography technique, second harmonic optical coherence tomography (SH-OCT), which combines the sample structural sensitivity of second harmonic generation (SHG) with the coherence gating of OCT. We demonstrated, to the best of our knowledge, the first SH-OCT image of a biological tissue.
Optical second harmonic generation is the lowest order nonlinear optical process where the second-order nonlinear optical susceptibility is responsible for the generation of light at the second harmonic (SH) frequency. Because the second-order nonlinear optical susceptibility is determined by detailed electronic configurations, molecular structures and symmetries, local morphologies, and ultra structures, using SHG for biomedical imaging can give unique information regarding tissue structure symmetry [7] . The quadratic power dependence of SHG on the refractive index provides greater optical contrast for visualizing tissue structures than conventional linear reflectance microscopy does. SHG signal is typically detected in transmission mode for bulk transparent medium [8] . However, detection of SHG signal in reflection mode has been widely used to study nonlinear effects at surfaces and interfaces. Recently, back-reflected SHG signals from unstained biological tissues has been investigated and used for imaging [9] . Quantitative second-harmonic generation microscopy in collagen has also been reported [10] . SH-OCT combines structural sensitivity of SHG with the coherence gating of OCT to enable cross sectional imaging of biological tissues.
II. METHODOLOGY
The schematic diagram for SH-OCT is shown in Figure  1 . The light source is a Kerr-lens mode-locked Ti:sapphire laser pumping a nonlinear fiber to broaden the spectrum. A Faraday isolator is used to prevent back-scattered light from entering the laser cavity and interfering with the mode locking. The OCT system consists of a Michelson interferometer illuminated by the continuum generated by the fiber. A broadband, non-polarization beam splitter is used to support interference fringes at both the fundamental and SH wavelengths. In the sample arm, the beam is focused onto the sample through a microscope objective. Backscattered fundamental wave and SH wave from the sample are collected by the same excitation objective. In the reference arm, SH wave is generated when the laser beam passes through a b-BaB2O4 (BBO) nonlinear crystal. The beam then reflects back from a dichroic mirror mounted on a piezoelectric actuator. The dichroic mirror reflects 90% of the SH wave and 5% of the fundamental wave. A majority of the fundamental wave is dumped to avoid being reflected back to generate the SH wave from the crystal again, otherwise ghost lines may appear in the tomographic images. A prism pair made from BK7 glass is inserted into the reference arm to compensate the group velocity mismatch in the two arms. Note that fundamental OCT and SH-OCT may require different thicknesses of material to generate optimized fringes at corresponding wavelengths, depending on the compensator design and material choosing. A dichroic mirror is used in the detection arm to separate the beam into two wavelengths. Fundamental and SH interference fringes are detected by a photo diode and a photomultiplier, respectively. Another band-pass filter centered at 400 nm with 40 nm bandwidth is attached to the photomultiplier head to further reject background noise. 
III. RESULTS
To measure the coherence length of the OCT system, we remove the BBO crystal from the reference arm and place it in front of the main beamsplitter and replace the sample with a mirror. Fundamental and SH waves are present in both arms and interfere to produce two sets of fringe, as shown in Fig. 2c and Fig. 2d . The fundamental wave has a coherence length of 6.0 mm and the SH wave has a coherence length of 4.2 mm, which determine the axial resolutions of the OCT system at corresponding wavelengths. Fig.3 shows a high-resolution SH-OCT image in the rattail tendon obtained with a 0.25-mm scan resolution. The image shows the collagen fibrils organization within an area of 50 mm x 50 mm. As the tension-bearing element in the tendon, collagen appears in clearly defined, parallel, cablelike and slightly wavy bundles. In this image, highly organized collagen fiber bundles (fascicles) oriented in the same direction and other important structural characteristics all can be clearly identified. Because of the cross-sectioning nature of OCT, collagen fiber bundles localized at different imaging planes in the depth direction exhibit different thicknesses as projected into this image. The transverse and axial resolutions of this image are 1.9 mm and 4.2 mm, as determined by the Gaussian beam waist diameter at the focus and coherence length of SH wave respectively. 
IV. DISCUSSION
Collagen is the predominant structural protein in most biological tissues, as well as the major source of SHG. Modifications of the collagen fibrillar matrix structure are associated with various physiologic processes, such as wound healing, aging, diabetes, and cancer. Research results suggest structural modification in collagen produces predictable alterations in the SHG signal [11] . Therefore, SHG is very promising as a sensitive probe in tissue morphology and physiology studies. Compared with conventional OCT performed at fundamental wavelengths, SH-OCT offers enhanced molecular contrast and spatial resolution. It is also an improvement over existing second harmonic scanning microscopy technology as the intrinsic coherence gating mechanism enables the detection and discrimination of SH signals generated at deeper locations. The enhanced molecular contrast of SH-OCT extends conventional OCT's capability for detecting small changes in molecular structure. With the development of novel microstructure fibers that support femtosecond laser pulses [12] , it is possible to implement SH-OCT with fiber optics and adapt it for in-vivo endoscopic imaging inside bodies of living animals and human patients. SH-OCT is promising for the diagnosis of cancers and other diseases at an early stage when changes in tissue and molecular structure are small.
V. CONCLUSION
In summary, we have developed a high-resolution SH-OCT system and applied it to image biological tissues [13] . Detailed structural information about collagen fibrils organization in rat-tail tendon has been revealed in our recorded images. This new technique may offer several distinct advantages for imaging ordered, or partially ordered, biological tissues. First, the SHG signal from tissue tends to be a very sensitive indicator of molecular structure and symmetry changes. Second, coherence gating extends the capability of high-resolution detection of SHG signals at locations deep inside the sample. Third, SHG signals are produced intrinsically so imaging does not require staining the sample with dyes or fluorophores. Fourth, decoupled axial and transverse scans enable two dimensional tomographic imaging of sample with only one dimension moving of the probing beam, which is essential for in-vivo endoscopic applications.
